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Cytosine methylation has been found to play a crucial role in various biolog-
ical processes, including a number of human diseases. The detection of this
small modification remains challenging. In this work, we computationally
explore the possibility of detecting methylated DNA strands through direct
electrical conductance measurements. Using density functional theory and
the Landauer-Bu¨ttiker method, we study the electronic properties and charge
transport through an eight base-pair methylated DNA strand and its native
counterpart. We first analyze the effect of cytosine methylation on the tight-
binding parameters of two DNA strands and then model the transmission of
the electrons and conductance through the strands both with and without de-
coherence. We find that the main difference of the tight-binding parameters
between the native DNA and the methylated DNA lies in the on-site energies
of (methylated) cytosine bases. The intra- and inter- strand hopping integrals
between two nearest neighboring guanine base and (methylated) cytosine base
also change with the addition of the methyl groups. Our calculations show
that in the phase-coherent limit, the transmission of the methylated strand
is close to the native strand when the energy is nearby the highest occupied
molecular orbital level and larger than the native strand by 5 times in the
bandgap. The trend in transmission also holds in the presence of the decoher-
ence with the same rate. The lower conductance for the methylated strand in
the experiment is suggested to be caused by the more stable structure due to
the introduction of the methyl groups. We also study the role of the exchange-
correlation functional and the effect of contact coupling by choosing coupling
strengths ranging from weak to strong coupling limit.
PACS numbers: 87.14.gk, 73.63.-b, 87.15.A-
Keywords: Charge transport, Cytosine methylation, Density functional the-
ory, Green’s function
I. INTRODUCTION
DNA is best known for its essential role in biology as it carries the genetic information of
living beings1. During the last few decades, the possibility of using DNA in nanotechnology
has been gaining attention from chemists, physicists, as well as engineers. The electronic
properties of DNA can lead to applications in many areas. Researchers have shown that
DNA has the potential to be used as circuit components in electrical devices such as dou-
ble barrier resonant tunneling structures2, spin specific electron conductor3,4, field effect
transistor5 and negative differential resistance device6. In addition, the investigation of the
electronic properties of DNA can bring new techniques for the third generation sequencing
a)Electronic mail: jqqi@uw.edu
b)Electronic mail: niri.govind@pnnl.gov
c)Electronic mail: anantmp@uw.edu
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technologies. Current sequencing methods are mainly based on light emission7, which re-
quires polymerase chain reaction (PCR) amplification. An alternative sequencing idea is to
measure the transverse current through a single-stranded DNA as it translocates a nanogap
or nanopore7–9,38,39. The distinguishable electronic structures of the four DNA bases result
in different electrical/ionic currents, which can be used in the third generation sequencing
technologies. Recent experiments also reveal the possibility of detecting diseases by mea-
suring the electrical conductance of DNA strands with methylated cytosine bases10,11,40,
which may open new perspectives in medical application.
Cytosine methylation refers to the replacement of the hydrogen atom by a methyl group
at the 5th position of the pyrimidine ring12. This small modification has been found to
be important in changing physical properties of DNA. For example, it can increase the
melting temperature of the duplex13, the molecular polarizability of the pyrimidine14 and
enhance the stability of the double strands. Recent study has also revealed that the methy-
lation of cytosine bases has an essential effect on the separation of DNA strand15. More
importantly, it plays a crucial role in many biological and cellular processes such as gene ex-
pression regulation16,17, cellular differentiation18, X-chromosome inactivation19, embryonic
development20? –23 and genomic imprinting24. As a consequence, an increasing number of
human diseases25, including cancer26,27, have been found to be associated with the abnormal
activities of DNA methylation.
Targeting and identifying the methylated DNA is important for disease diagnosis and
drug design. The main detection techniques used today involve PCR-based methods28,
which usually require chemical reactions29,30 to maintain the methylation feature. With the
rapid development and progress in single-molecule electrical approach31–34, new techniques
utilizing the electronic properties of DNA bases have also been used to experimentally
detect the methylated strands10,11,35–40. These pioneering initial works show that it may
be possible to detect methylated sequence/base by direct conductance measurement.
Despite the recent progress in experiment, understanding charge transport through a
methylated DNA sequence/base from a theoretical perspective is lacking. In this work, we
study charge transport through an eight base-pair methylated DNA strand and its native
counterpart used in Ref. 11. We aim to provide an understanding of the effect of cytosine
methylation on charge transport through DNA strand. To this end, we use the combination
of density functional theory (DFT) and the Landauer-Buttiker approach.
DFT is a powerful tool to obtain the accurate description of the electronic structure of
molecules and materials. However, it is well known that in DFT calculations the results may
depend on the choice of exchange-correlation (XC) functionals and basis sets. In addition,
the lack of the derivative discontinuity and self-interaction errors in standard functionals
like GGAs and hybrid-GGAs can lead to erroneous single-molecule transport predictions41.
In this paper, we also study the effects of methylation on the eight-base pair DNA strand
with the B3LYP and CAM-B3LYP functionals.
The remainder of the paper is organized as follows: we first present the method and
model used in this work - we review the extraction of the tight-binding parameters from
ab initio calculation which help formulate a physical understanding of the charge transport
properties. Then, we discuss the Green’s function approach, Landauer-Bu¨ttiker framework
and the implementation of Bu¨ttiker probes using D’Amoto-Pastawski model. Next, we
show the results from our calculations. We first look at the effect of methylation on the
tight-binding parameters, including the on-site energies of the guanine and cytosine bases
and hopping integrals between the first and second nearest neighboring bases. We further
investigate the influence of cytosine methylation on the electronic properties of DNA by
studying the transmission, conductance in both phase-coherent and decoherent cases. We
also study the role of XC functionals on DNA charge transport. Then, we investigate the
effect of contact coupling to understand the effects of the delocalization and self-interaction
errors from XC functionals on the transmission. Finally, we summarize our findings in the
last section.
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II. METHOD
Motivated by the measurement in Ref. 11, we choose the following two DNA sequences,
each of which has eight base pairs: 1) the native strand, 5’-GCGCGCGC-3’ (GC8), where G
refers to the guanine base and C refers to the native cytosine base; 2) the methylated coun-
terpart, 5’-GCmGCmGCmGCm-3’ (GCm8), where Cm refers to the methylated cytosine
base.
Our approach involves two steps: (1) using DFT calculations to obtain the Hamiltonian
and overlap matrices of DNA strands and (2) using the Landauer-Bu¨ttiker method and
Green’s function approach to compute the transmission and linear response conductance of
the strands. All the DFT calculations are carried out with Gaussian 0949 software package.
We first generate the atomic coordinates of the B-form DNA strands with Nucleic Acid
Builder50. Because the conduction through DNA strands is mainly caused by the overlap
of π orbitals in the nitrogenous bases51 and our prior work shows that in the vicinity of
the highest occupied molecular orbital (HOMO) level the transport is mainly through the
bases52, we delete the backbone to reduce the expensive computational cost and terminate
the nitrogenous bases with hydrogen atoms. For the methylated strands, molecular dynam-
ics simulations show that the methyl groups do not have large influence on the Watson-Crick
base pairing for B-form DNA53. Thus, we assume that the methylated strand maintains
the same B-form as the native one. We first replace the hydrogen atom in the 5th position
with a -CH3 methyl group, then relax the methyl group at B3LYP/6-31G(d)54–57 level to
get the optimized structure of the methylated cytosine.
Next, we carry out DFT calculations using B3LYP XC functional and 6-31G basis set
to determine the Hamiltonian and overlap matrices H0 and S0. After the Hamiltonian and
overlap matrices are found, we apply Lo¨wdin transformation60 to the system to orthogo-
nalize the basis,
H1 = S
− 1
2
0 H0S
− 1
2
0 (1)
Each diagonal sub-block of H1 corresponds to the representation of a single base. We
then find the eigenvalues and eigenvectors of the sub-blocks of H1 and perform a unitary
transformation of the Hamiltonian H1 to H via,
H = U †H1U (2)
where the matrix U is constructed from the eigenvectors of the diagonal sub-blocks of H1.
The diagonal sub-blocks of H are the eigenvalues corresponding to each DNA base and off-
diagonal elements represent the interaction between different localized energy levels. The
representation of H can be truncated to obtain the tight-binding parameters such as the
on-site energies of a single DNA base and the hopping integrals between two neighboring
DNA bases for the interested energy levels. Here we focus on analyzing the methylation
effect on the tight-binding parameters at HOMO level and the corresponding Hamiltonian
HTB is defined with the following equation,
HTB =
∑
i
ǫic
†
ici+
∑
〈i,j〉
tintrai,j (c
†
i cj +H.c.)+
∑
〈i,j〉
tinter1i,j (c
†
i cj +H.c.)+
∑
〈〈i,j〉〉
tinter2i,j (c
†
i cj +H.c.)
(3)
In the above equation, c†i (ci) is the creation (annihilation) operator at the ith base (here,
i = 1, 2, ... 16). H.c. is the Hermitian conjugate. ǫi is the on-site energy of the ith
base. tintrai,j is the intra-strand coupling between two nearest neighboring bases within one
strand. tinter1i,j is the inter-strand coupling between two nearest neighboring bases from the
two complementary strands (i. e., the coupling for two bases within one base pair) and
tinter2i,j is the inter-strand coupling between two second nearest neighboring bases from the
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FIG. 1. On-site energies and hopping integrals between two neighboring bases both within and
between strands in a double-stranded DNA, with red color for the nearest intra-strand hopping,
purple for the nearest inter-strand hopping, green for the second nearest inter-strand hopping from
5’ end to 5’ end and blue for the second nearest inter-strand hopping from 3’ end to 3’ end.
two strands. The notation 〈i, j〉 and 〈〈i, j〉〉 in the summation depict the two bases in the
first and second nearest position, respectively61.
In Fig. 1, we illustrate the interactions in the tight-binding model with GC8 where the
contacts are shown by yellow blocks at the 3’ ends as indicated. The arrows represent the
hopping between two neighboring bases both within and between strands, with red color for
the nearest intra-strand hopping, purple for the nearest inter-strand hopping, green for the
second nearest inter-strand hopping from 5’ to 5’ ends and blue for the second nearest inter-
strand hopping from 3’ to 3’ ends. The tight-binding parameters ǫi, t
intra
i,j , t
inter
1i,j and t
inter
2i,j
have also been labeled in the corresponding position. As we will see in the later discussion,
the inter-strand couplings for two second nearest neighboring bases, tinter2i,j , depends on the
orientation of the strand.
The Hamiltonian in Eq. (3) can be used to study the properties of a larger system
compared to the full Hamiltonian approach since it only considers the contribution from
the HOMO level. While this model can capture the essential physics of the system, to get a
comprehensive understanding, the full Hamiltonian is preferable. In this work, we use full
Hamiltonian shown in Eq. (2) to compute the transport properties of the DNA strands,
while the tight-binding Hamiltonian in Eq. (3) is used to further our understanding of the
charge transport mechanism in DNA.
The electronic transport properties of the molecule are calculated within the Landauer-
Bu¨ttiker framework. We consider both phase-coherent and decoherent transport. In the
latter case, the effect of decoherence is included using Bu¨ttiker probes62,63 as implemented
by the D’Amoto-Pastawski model64. The Bu¨ttiker probes are fictitious probes connected
to each energy level of the bases, which describes the phase-breaking of electrons due to
the interaction with the environment by extracting the electron from the system and then
re-injecting it back. At each Bu¨ttiker probe, the net current is zero. After including the
Bu¨ttiker probes, the retarded Green’s function for a DNA strand bridging across the two
metal contacts is,
Gr =
1
E − (H +ΣL +ΣR +ΣB)
(4)
where E is the energy, H the Hamiltonian of the strand as shown in Eq. (2), ΣL(R) and
ΣB the self-energy matrices from the left (right) contact and Bu¨ttiker probes.
We employ the wide-band limit (WBL) approximation to evaluate the self-energies, which
ignores the real part of the matrices65. Within this approximation, the self-energy due to the
left (right) contact is controlled by the broadening matrix ΓL(R), and ΣL(R) = −iΓL(R)/2.
The introduction of ΓL(R) is due to the coupling between the DNA and the left (right)
contact. The self-energy due to each fictitious Bu¨ttiker probe is treated in a similar manner,
Σi = −iΓi/2, where Γi is the broadening matrix arising from the coupling between the DNA
and each Bu¨ttiker probe. The self-energy matrix ΣB can be obtained by summing up the
self-energies from all the Bu¨ttiker probes, ΣB =
∑NB
i=1 Σi. Here NB is the number of
Bu¨ttiker probes. In the following calculations, we treat the coupling ΓL(R) and Γi to be
energy-independent diagonal matrices.
With the inclusion of Bu¨ttiker probes, the probability for an electron to transmit from
the left (L) contact to the right contact (R) is,
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(a)
(b)
FIG. 2. Tight-binding parameters of HOMO level obtained from DFT calculation with B3LYP/6-
31G for (a) GC8 and (b) GCm8 (Unit, meV). Arrows and numbers shown in various colors follow
the representations in Fig. 1.
Teff = TLR +
Nb∑
i,j=1
TL,iW
−1
ij Tj,R (5)
where Tij is the transmission between the ith site and the jth site in phase-coherent case,
which can be determined by Tij = ΓiG
rΓjG
a, with Ga being the advanced Green’s function
and Ga = (Gr)†. Particularly, when i = L and j = R, Tij is the phase-coherent component
of the transmission between the left and right contacts. W−1 is the inverse matrix of W ,
the elements of which are Wij = [(1 − Rii)δij − Tij(1 − δij)], where Rii is the reflection
probability at probe i and Rii = 1−
∑N
j 6=i Tij .
The small bias (linear response) conductance as a function of Fermi energy is,
G(Ef ) =
2e2
h
∫
dETeff (E)
−∂f(E − Ef )
∂E
(6)
where f is the Fermi function evaluated at 300 K.
III. RESULTS AND DISCUSSION
A. Tight-binding parameters of the HOMO orbital
In this part, we analyze the tight-binding parameters of the HOMO level for GC8 and
GCm8, including the on-site energy of each base and hopping integrals between two neigh-
boring bases. On-site energies and hopping integrals are two important factors in determin-
ing the charge transport properties of a DNA strand. These parameters can be extracted
from the Hamiltonian H in Eq. (2) using the tight-binding representation in Eq. (3).
The result with B3LYP is shown in Fig. 2, where the numbers shown in black are the
on-site energies, the arrows and numbers shown by other different colors correspond to hop-
ping integrals between two neighboring bases both within and between the complementary
strands.
Our values of the tight-binding parameters are comparable to those in the previous
work66–70. The most significant differences for the parameters of GC8 and GCm8 at HOMO
level lie in the on-site energies of Cs and Cms, and the hopping integrals between two near-
est neighboring G and C (or Cm). For example, in Fig. 2 we can see that the values of the
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on-site energies for Cs in GC8 are around -5800 meV, while the values for Cms in GCm8
are around -5600 meV, which are approximately 200 meV higher than the native cytosine
bases. The absolute values of the intra-strand hopping integrals between the two nearest
neighboring G and Cm from the 5’ to 3’ ends and from 3’ to 5’ ends increase by 30 meV
and 15 meV respectively, compared to GC8, while the absolute values of the inter-strand
hopping integrals between the two nearest neighboring G and Cm increase by about 8 meV.
It is also interesting to see that the absolute values of the intra-strand hopping between the
two nearest neighboring G and C (or Cm) in the 5’ to 3’ and 3’ to 5’ directions are different
by almost 9 (5) times for GC8 (GCm8), which reveals the orientation-dependent nature of
electron hopping in the double helical structure.
B. Transport properties
The above discussions show that the small modification on cytosine bases can cause a
change in tight-binding parameters at the HOMO level of a DNA strand. To understand the
role of methylation in transport properties, we calculate the transmission and conductance
of GC8 and GCm8 in both phase-coherent and decoherent cases, using the full Hamiltonian
from the DFT calculation and focus on the energy region which is in the vicinity of the
HOMO level. We set the coupling strengths to be 100 meV for ΓL(R) and 5 meV for Γi.
1. Phase-coherent transport
We first consider the phase-coherent transport in GC8 and GCm8. The transmission and
conductance of the two strands in the HOMO vicinity using B3LYP are shown in Fig. 3
and its inset. We find that the transmission of GCm8 is very close to that of GC8 nearby
the HOMO level, while away from the HOMO (when E > -4 eV), the transmission of GCm8
is larger than GC8 by about 5 times in the bandgap. As one moves into the HOMO band,
the transmission of both strands are oscillatory, and the transmission values for GCm8 can
be larger than GC8 in some energy windows and smaller in other windows. The ratio of the
transmission between GCm8 and GC8 in the energy window from -5.5 eV to -4 eV ranges
from 3.37× 10−5 to 1.42× 105 times.
FIG. 3. Transmission vs energy for GC8 (blue solid) and GCm8 (red dash) in phase-coherent
transport calculated with B3LYP. Inset, conductance vs Fermi energy for GC8 (blue solid) and
GCm8 (red dash).
In this work we only provide a discussion based on the picture for conduction that is used
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in semiconductors. To proceed, we also show the linear response conductance as a function
of Fermi energy in the inset of Fig. 3, with a shift in the energy axis by |IPGCm8 − IPGC8|
for GCm8. We note that the conductance of GCm8 is larger than that of GC8 by about 2
times for Fermi energy locations nearby the HOMO level and 5 times away from the HOMO
in the bandgap.
It is also interesting to note that the conductance plots in the insets of both Fig. 3 points
to the fact that if the Fermi energy is shifted by as small as 50 meV (say due to environmental
fluctuations, location of contact atoms and so on), the conductance can change by as much as
5-10 times. It is of relevance to note that in experiments the conductance fluctuates between
various measurements, though the mean conductance for GC8 and GCm8 are well defined.
Apart from changes in the coupling between the contact and DNA, Fig. 3 also shows that
variations in the location of the Fermi level by as small as 50 meV may be responsible for
the fluctuations in conductance between different measurements. A calculation that is able
to account for the environmental variations which shift the Fermi energy while beyond our
expertise will be useful and we expect it to yield further insight.
2. Phase-decoherent transport
A few groups52,71–75 have suggested that decoherence due to electron’s interaction with
the surrounding environment plays a large part in determining DNA conductance. We
now study the influence of decoherence on charge transport through GC8 and GCm8 via
the Bu¨ttiker probes approach to see if our conclusions in the above section change. We
first set the decoherence rate to be 5 meV, a typical value in carbon nanotubes at room
temperature76–78 for both strands. The transmission and conductance for GC8 and GCm8
calculated with B3LYP after including decoherence with a rate of 5 meV is shown in blue
solid and red dashed curves in Fig. 4.
FIG. 4. Transmission vs energy for GC8 and GCm8 calculated with B3LYP after including deco-
herence with a rate of 5 meV for GC8 and 1-5 meV for GCm8. Inset, conductance vs Fermi energy
for GC8 and GCm8. Blue solid, GC8 with a decoherence rate of 5 meV; green dashed, magenta
dashed, cyan dashed, black dashed and red dashed are for GCm8 with decoherence rate of 1 meV,
2 meV, 3 meV, 4 meV and 5 meV, respectively.
We find that for both GC8 and GCm8, after including decoherence, the peaks of the
transmission become wider and the transmission values at the peaks are smaller compared
to that in phase-coherent transport, due to the broadening of the localized energy levels,
while away from the peaks the transmission values increase. We also note that decoherence
can decrease the difference between GC8 and GCm8 for both transmission and conduc-
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tance. This effect is more obvious in the HOMO-LUMO (here, LUMO refers to the lowest
unoccupied molecular orbital) gap. For example, the transmission of GCm8 with 5 meV
decoherence is only 1.2 times larger in the HOMO-LUMO gap, compared to 5 times in
the coherent transport. Similarly, the conductance of GCm8 with the inclusion of 5 meV
decoherence is 1.5 times larger than GC8 throughout the interested energy region.
As has been pointed out by several groups, the addition of the methyl groups in
the cytosine bases can increase the molecular polarizability and help stabilize the DNA
structure14,79–87. Using DFT calculation with B3LYP/6-31G, we find that the hydrogen
bonding for a single methylated G:C base pair is 23 meV stronger than the unmethylated
one. This indicates that the methylated DNA has a more rigid structure and undergoes
less fluctuations in the presence of the water molecules, counter ions and other impurities,
which may result in a smaller decoherence rate than the native DNA strand. To inves-
tigate the effect of the change in molecular stability, we study the transport in terms of
the decoherence rate for GCm8. Since the precise value of the decohrence rate due to the
structural alteration is hard to determine, we treat it as a variable. The transmission and
conductance for GCm8 with decoherence rate ranging from 1 meV to 4 meV are shown in
a series of dashed curves in Fig. 4.
Interestingly, as the decoherence rate of GCm8 drops below 5 meV, the transmission
of GC8 is larger than GCm8 by a few times, which is in qualitative agreement with the
experimental observation that the conductance of GC8 is 1.2 times larger than GCm8 on
average. Take the energy point at -4 eV for example. As the decoherence rate of GCm8
decreases from 5 meV to 4 meV, the transmission of GC8 is now 1.2 times larger than
GCm8. As the rate further decreases to 3 meV, 2 meV and 1 meV, the transmission is 2.1,
4.4, 15.7 times larger, respectively. For the conductance plots in the inset of Fig. 4, we find
the similar trend. With these analysis, we suggest that the lower conductance for GCm8 in
the experimental measurement is due to the enhanced stability of the molecular structure
induced by the methyl groups.
Note that the method adopted in this paper to include decoherence can qualitatively
handle aspects of energy level broadening introduced by electron-vibrational coupling74
but cannot model energy gain/loss or polaron formation89. On the other hand, ab initio
calculations of vibrational energies and the strength of their coupling to electrons is a com-
putationally very challenging problem for large aperiodic systems such as DNA. This field
has seen some welcome progress using DFT inspired tight-binding approaches74,90, which
may eventually lead to a more fundamental treatment of transport by accounting for self-
consistency, DNA-contact coupling, electron-vibrational coupling and electron-environment
coupling.
C. Transport study with CAM-B3LYP
As DFT calculations are sensitive to the choice of the XC functionals, it is crucial to
investigate this effect on transport. In addition to B3LYP, we consider CAM-B3LYP58
based range-separated functional. The choice of the latter is motivated by recent advances
in range-separated DFT42–46,48, where the range-separation parameters are tuned to obey
the Koopmans’ theorem, i.e. making the HOMO as close as possible to the ionization
potential (IP) of the neutral molecule.
Rather than using the default parameters for CAM-B3LYP in Gaussian 09, we tune the
relevant parameters47,48 to satisfy Koopman’s theorem, that is, to make the HOMO and IP
of a neutral molecule to satisfy |HOMO + IP = 0|.
In a range-separated functional, the exchange term is described with two parts48,
1
r12
=
α+ βerf(µr12)
r12
+
1− [α+ βerf(µr12)]
r12
(7)
The first term is the short-range interaction, treated with DFT exchange and the second
term is the long-range interaction, treated with Hartree-Fock (HF) exchange. α and β
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TABLE I. Physical quantities computed with B3LYP/6-31G (Unit, eV).
Molecule HOMO IP |IP + HOMO|
GC8 -4.519 5.366 0.847
GCm8 -4.512 5.364 0.852
TABLE II. Physical quantities computed with the tuned CAM-B3LYP/6-31G (Unit, eV).
Molecule HOMO IP |IP + HOMO|
GC8 -6.012 6.014 0.002
GCm8 -6.005 5.990 0.015
are parameters which control the component of DFT and HF exchange, with α + β = 1,
0 ≤ α ≤ 1, 0 ≤ β ≤ 159. We can find the optimal values of α, β and µ by minimizing the
following function for |HOMO + IP|,
J(α, µ) = |IPSCF (α, µ) − IPKoopmans(α, µ)|
= |EcationSCF (α, µ) − E
neutral
SCF (α, µ) + ǫ
neutral
HOMO(α, µ)| (8)
By varying the values of α, β and µ, we find that when α = 0.2, β = 0.8, µ = 0.15,
the |HOMO + IP| function in Eq. (8) for GC8 can be minimized. This set of pa-
rameters is consistent with the choice of PBE-based range-separated hybrid density func-
tional for 3,4,9,10-perylene-tetracarboxylic-dianydride (PTCDA) and 1,4,5,8-naphthalene-
tetracarboxylic-dianhydride (NTCDA) molecules46. Since the structure of GCm8 differ from
GC8 only by the methyl groups, we assume this set of parameters also works for GCm8. A
comparison of the physical quantities, HOMO, IP and |IP + HOMO| for GC8 and GCm8
calculated with functionals B3LYP and the tuned CAM-B3LYP are shown in Table I and
Table II, respectively.
We can see that with both functionals, the HOMOs of GC8 and GCm8 are very close -
only differ by 7 meV, due to the minor structural difference of the two strands. Compared
to B3LYP, the effect of the tuned CAM-B3LYP is to shift the HOMO for both strands by
around 1.5 eV. IP of GC8 is also similar to that of GCm8 with the two different functionals.
As expected, |IP + HOMO| for GC8 improve significantly with the tuned CAM-B3LYP
functional, which indicates the efficacy of the parameters, α, β and µ. It is also worth
noting that the |IP + HOMO| for GCm8 with the tuned CAM-B3LYP is only 15 meV,
which is slightly smaller than the one calculated with B3LYP, suggesting that the range-
separation parameters determined for GC8 also hold for a different strand with a similar
structure. This establishes the transferability of our work.
As a comparison with the results computed with B3LYP, we also show the tight-binding
parameters with tuned CAM-B3LYP in Fig. 5. Similar to the findings with B3LYP, one
can see that with the tuned CAM-B3LYP, the main influence of cytosine methylation is
to change the on-site energies of cytosine bases by about 200 meV and to modify the
hopping integrals between the two nearest neighboring G and C (Cm) with approximately
the same amount as that in B3LYP. Comparing the quantities computed by B3LYP with the
corresponding ones computed by the tuned CAM-B3LYP, we find that the main difference
between the two sets of the parameters lie in the on-site energies of the G and C (Cm)
bases, shifting by around 1500 meV, while the hopping integrals are of the same order of
magnitude, only deviating by a few milli-electron volts.
We also show the transmission and conductance for GC8 and GCm8 in coherent transport
computed with the tuned CAM-B3LYP in Fig. 6. The main observation in results with
B3LYP also holds here with CAM-B3LYP - the transmission of GCm8 is close to GC8
nearby the HOMO level and larger than GC8 away from the HOMO. Different from B3LYP,
the conductance values of GCm8 is now 8 times larger than GC8 nearby the HOMO,
compared to 2 times in the above discussion for B3LYP. We attribute this finding to the
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(a)
(b)
FIG. 5. Tight-binding parameters of HOMO level obtained from DFT calculation with tuned CAM-
B3LYP/6-31G for (a) GC8 and (b) GCm8 (Unit, meV). Arrows and numbers shown in various
colors follow the representations in Fig. 1.
larger difference in IP between GC8 and GCm8 with the tuned CAM-B3LYP, as shown in
Table II.
FIG. 6. Transmission vs energy for GC8 (blue solid) and GCm8 (red dash) in phase-coherent
transport calculated with the tuned CAM-B3LYP. Inset, conductance vs Fermi energy for GC8
(blue solid) and GCm8 (red dash).
Comparing the transmission and conductance in Fig. 3 and Fig. 6, we conclude that
the transport properties in coherent case calculated by B3LYP and the tuned CAM-B3LYP
mainly differ in the energy scale. This is in agreement with the observations in the tight-
binding parameters at the HOMO level shown in Fig. 2 and Fig. 5 that the on-site energies
of DNA bases with the two different functionals differ by as much as 1500 meV, while the
intra- and inter-strands hopping integrals are quite similar.
In Fig. 7, we show the transmission and conductance for GC8 and GCm8 calculated by
the tuned CAM-B3LYP with the inclusion of 5 meV decoherence for GC8 and 1-5 meV
for GCm8. We find that the transmission and conductance through GC8 and GCm8 in
the decoherent transport calculated with the tuned CAM-B3LYP is qualitatively similar to
that with B3LYP, except the shift in the energy scale. The observation that the lower con-
The role of cytosine methylation on charge transport through a DNA strand 11
ductance for GCm8 in the experiments may be due to the more stable molecular structure
of GCm8 induced by the methyl groups also hold here. It is worth pointing out that in this
case the conductance of GCm8 with the decoherence rate of 5 meV is about 4 times larger
than GC8 at the same energy point nearby the HOMO level, due to the fact that the IP of
GCm8 is 24 meV smaller than GC8 with the tuned CAM-B3LYP.
FIG. 7. Transmission vs energy for GC8 and GCm8 calculated with the tuned CAM-B3LYP after
including decoherence with a rate of 5 meV for GC8 and 1-5 meV for GCm8. Inset, conductance vs
Fermi energy for GC8 and GCm8. Blue solid, GC8 with a decoherence rate of 5 meV; green dashed,
magenta dashed, cyan dashed, black dashed and red dashed are for GCm8 with decoherence rate
of 1 meV, 2 meV, 3 meV, 4 meV and 5 meV, respectively.
D. Effect of contact coupling
Based on the observation in Sec. III B and III C, we find similar transport results with
the B3LYP and the tuned CAM-B3LYP XC functionals in both phase-coherent and deco-
herent transports. In this section, we further study the effect of functionals on DNA charge
transport with various coupling strengths to the contacts. The broadening of the molecular
levels due to the coupling to the contacts plays an important role in determining the elec-
tron flow through a molecule88. According to the tight-binding parameters in Sec. III A
and III C, the hopping integral value in a DNA molecule ranges from a few milli-electron
volts to hundreds of milli-electron volts. A normal coupling strength due to the electrical
contacts should be comparable to the hopping integral. Thus, we choose three values of
coupling strengths, Γ = 1 meV (weak coupling limit), 100 meV (normal coupling) and 10
eV (strong coupling limit) and assume ΓL = ΓR = Γ to study the transmission of GC8 and
GCm8 in decoherent transport with a decoherence rate of 5 meV, as shown in Fig. 8.
To quantify our understanding, the energy scale for transmission computed with the
tuned CAM-B3LYP has been shifted by (HOMOCAM-B3LYP −HOMOB3LYP) in Fig. 8. For
GC8, as the coupling strength increases, the transmission increases drastically with both
functionals. This effect is more evident when the coupling strengths are in weak regime.
For example, as the coupling strengths increases from 1 meV to 100 meV, the transmission
of GC8 is enhanced by as much as 25 times.
It is reasonable to assume that, in the weak molecule-lead coupling limit, the misaligned
molecular levels (for example, from a B3LYP calculation) with respect to the leads would
result in an incorrect molecular response as charge is transferred from the leads into the
molecule which should be observable. However, our transmission results with both B3LYP
and the tuned CAM-B3LYP yield almost identical results in the vicinity of the HOMO
The role of cytosine methylation on charge transport through a DNA strand 12
FIG. 8. Transmission vs energy for GC8 (upper panel) and GCm8 (lower panel) calculated with
B3LYP (solid curves) and the tuned CAM-B3LYP (dashed curves) functionals after including
decoherence with a rate of 5 meV at Γ = 1meV , Γ = 100meV and Γ = 10eV . The energy scale of
transmission computed with CAM-B3LYP has been shifted by (HOMOCAM-B3LYP−HOMOB3LYP).
irrespective of the strength of the contact coupling even though the delocalization and
self-interaction errors are minimized in tuned range-separated XC forms43–46,48. We find
similar results for GCm8. The natural follow-on question is how large is this effect?, and if
it is observable in realistic systems. The other factor could be the inherent approximations
within the Green’s function-DFT approach itself. In order to quantify these effects, a
systematic study of charge transport through well-characterized molecular junctions with
different XC potentials and range-separation in the weak and strong coupling limits is
needed.
IV. CONCLUSION
In summary, we have studied the possibility of detecting a methylated DNA strand using
its electronic properties from a theoretical perspective, based on DFT calculations and the
Landauer-Bu¨ttiker approach. We explore the electronic structures and charge transport
properties through an eight base-pair methylated DNA strand and its native counterpart
used in the experiment of Ref. 11. We first look at the tight-binding parameters of the
HOMO level for the two strands and find that the methylation has a large influence on the
on-site energies of cytosine bases and hopping integrals between two nearest neighboring
guanine and cytosine bases. The on-site energies of the methylated cytosine bases are
approximately 200 meV higher than that of native cytosine bases. The intra-strand hopping
integrals between two nearest neighboring guanine and cytosine bases from 5’ to 3’ ends
for a methylated strand are about 30 meV stronger than that of native strand, and 15
meV stronger from 3’ to 5’ ends. We then carry out transport calculations in both phase-
coherent and decoherent cases. Our calculations show that in phase-coherent transport,
the transmission of electrons close to the HOMO band of the two strands are very similar.
At energies away from HOMO, the transmission of GCm8 is larger than GC8. The linear
response conductances of GC8 and GCm8 are also close to each other, with the conductance
of GCm8 being slightly higher than GC8. The calculations also show that the conductance
of these molecules can change by 5-10 times if there is a small shift (50 meV) in the Fermi
energy due to environmental variations from experiment to experiment. In the phase-
decoherent case, we find that the transmission and conductance trends occuring in the
phase-coherent limit also hold in the HOMO vicinity if the decoherence rates for the two
strands are the same. However, if the decoherence rate of the methylated strand is lower,
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we observe that the transmission and conductance of the methylated strand is also lower
than the native strand, which is consistent with the experimental findings. Our results show
that the effect of the two different functionals is to alter the on-site energies of the DNA
bases at the HOMO level, while the transport properties do not depend much on the two
functionals.
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